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Abstract

A bioassay was developed to investigate causes of grape replant problems under controlled conditions. Soils were
collected from methyl bromide-fumigated and non-fumigated plots at a site cleared from a 65-year-old grape
vineyard (Vitis vinifera cv. Thompson seedless) at Parlier, CA. Subsamples of the non-fumigated soil were either
left non-treated, subjected to autoclaving (twice 45 min), or heating at 40, 50, 60, 70, 80 or 90 ◦C for 30 min.
Subsequently, the samples were placed in 120-mL pots, planted with rooted hardwood grape cuttings (V. vinifera,
cv. Carignane) and placed in a greenhouse or growth chamber. Three months after transplanting, vines from non-
treated or 40 ◦C-treated soil had lower shoot weights and densities of healthy lateral roots than vines from the other
treatments. Pythium spp. were isolated from 45 to 55% of the plated root segments from vines grown in non-treated,
or soil that had been heated at 40 or 50 ◦C but were not detected in roots from soil given other treatments. Egg
masses of root-knot nematode, Meloidogyne spp., were produced on roots from non-treated or heated at 40 ◦C soil,
but no egg masses were detected on roots of the other treatments. In another test with the same soils, remnant roots
from non-fumigated or pre-plant methyl bromide-fumigated soil were extracted and amended to non-fumigated
soil, soil from fumigated field plots, soil fumigated in a small container, or autoclaved potting mix. The transfer
of old vine roots from non-fumigated field soil resulted in incidence of Pythium spp. on grape assay roots, but
there was no measurable effect of the transfer on growth and health of the bioassay plant roots. The results of the
bioassays indicate that grape replant problem at the California site had biological causes. The bioassay approach
may aid in future determinations of the etiology of grape replant problems.

Introduction

Fruit production is located within limited geographic
areas due to requirements of the crop for climatic and
environmental conditions. Farms are often specialized
on a limited number of fruit crops due to the eco-
nomic design of the operations. This often results in
repeated planting cycles of closely related tree or vine
crops at individual orchard or vineyard sites. In many
cases such replanting of apple, grape, peach and other
crops has resulted in unthrifty and slow growing young
plants (Deal et al., 1972; Hine, 1961; Mazzola, 1998;
Traquair, 1984). Young grape plantings are affected by
the replant problem; symptoms of which include poor
and uneven top growth, and root browning (Brinker
and Creasy, 1988).

The cause of replant problems is complex. Detailed
studies of apple replant problems in Australia and
the United States demonstrated the effect of several
soil-borne fungal pathogens and the lesion nematode
(Pratylenchus penetrans (Cobb) Chitwood and Oteifa)
in the development of the apple replant disorder (Dul-
lahide et al., 1994; Jaffee et al., 1982a; Mazzola,
1998). Other studies indicated the involvement of ac-
tinomycetes in the apple replant problem (Otto, 1973,
Westcott et al., 1987). In the grape replant problem,
causal roles have been suggested for hyphomyceteous
fungi (e.g., Penicillium Link:Fr, Fusarium Link:Fr.,
Gliocladium Corda, Roesleria hypogaea Thuem. &
Pass.) or fluorescent pseudomonads and the reduced
infection with endomycorrhizal fungi (Deal et al.,
1972; Waschkies et al., 1994). In addition, oomy-
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cetes, such as Phytophthora de Bary and Pythium
Pringshein species can damage root systems of young
grape plants (Chiarappa, 1959; Marais, 1979, 1980).
The role of old grape roots from the previous crop
in the vineyard soil is not clear as of yet; a negat-
ive effect of autotoxicity conferred by old grape roots
was found in one study (Brinker and Creasy, 1988)
while other investigations found positive effects of old
roots in increased endomycorrhizal colonization and
increased populations of other beneficial microorgan-
isms (Deal et al., 1972). Plant-parasitic nematodes are
also often associated with poor growth of young grape
plants (McKenry et al., 1994). Fine-textured soils and
soils with higher organic matter contents were less
conducive to the replant problem (Moser, 1963).

Although fruit crop replant problems are often re-
duced by soil fumigation with methyl bromide (Mai
and Abawi, 1981), this fumigant will be phased out
and has not been available for soil fumigation in
Europe for the last decade. One of the alternative fu-
migants, methyl iodide has similar efficacy as methyl
bromide in reducing replant problems in peach (Eayre
et al., 2000). Currently, registration for crop protection
is sought. Other compounds are currently being tested
under efforts to identify alternatives to methyl brom-
ide, however, a comprehensive understanding of the
etiology of the grape replant problem is still lacking.
To facilitate the development of new control methods,
we need a better understanding of what causes the
problem.

The current project evaluated the effects of ma-
nipulation of the microbiota of old vineyard soil on
grape assay plants in controlled and reproducible tests,
which may constitute a bioassay technique for evalu-
ating replant problems. The application of heat, which
selectively reduced microorganisms with varied tem-
perature sensitivity (Baker and Roistacher, 1957),
was chosen to accomplish these manipulations. This
method was used because of the demonstrated poten-
tial in studies of other complex soil microbial com-
munities (Rouxel et al., 1977; Westphal and Becker,
2001). Additionally, a root transfer test was included
in an attempt to clarify the role of old grape roots in
transmission of the disease complex. A preliminary
report of this study has been published (Westphal et
al., 2000).

Materials and methods

Soil source

Soil samples were collected from a field trial arranged
in a randomized complete block design from each of
five replicates of non-fumigated or methyl bromide-
fumigated (450 kg ha−1) plots at a 65-year-old vine-
yard site (Vitis vinifera L. cv. Thompson seedless) at
the USDA-ARS research station in Parlier, CA. Soil
fumigation was conducted by a commercial applic-
ator utilizing tractor-pulled application shanks spaced
150-cm apart, inserted 50-cm in the ground during
the application of commercial methyl bromide (995
g kg−1 methyl bromide, 5 g kg−1 chloropicrin) and
covering the soil with 0.3-mm polyethylene tarp. The
soil was a Hanford fine sandy loam soil. The vineyard
had been removed in September 1999, soil fumigation
was applied on 13 November 1999, and soil samples
were taken in January 2000. Collections were made
from a 0 to 45 cm depth, placed in plastic containers,
transported to Davis, CA and stored at 5 ± 2 ◦C until
used for greenhouse and growth chamber tests. Cold
storage of the soils lasted between 1 to 2 1

2 months.

Planting material

Grape planting material was collected and prepared
according to standard procedures as utilized by the
Department of Viticulture, UC Davis (Richard Hoen-
isch, personal communication). One-year-old shoots
of grape (Vitis vinifera cv. Carrignane) were collec-
ted in January 1999. After 12 h soaking in water, the
scions were dipped for 5 min in 101 g kg−1 commer-
cial bleach solution (52.5 g kg−1 NaOCl), rinsed with
water and dipped in lime sulfur solution (20 g kg−1

calcium sulfide). The cuttings were placed in plastic
bags and stored at 1◦C until use. Two weeks before
planting, scions were soaked in water for 12 h, and cut
to 2-bud length. The scions were imbedded in a well-
moistened peat moss-perlite mixture (50% + 50%) and
incubated at 27 ◦C. After three weeks, the cuttings
had developed callus tissue and adventitious roots. The
upper end of the scion was covered with wax (67 ◦C
melting point). The rooted 2-bud cuttings were planted
either directly into the experimental soils or planted
into potting mix (Redi-Gro Corporation, Sacramento,
CA, 0.4 m3 no. 2 washed sand, 0.2 m3 nitrified red-
wood compost, 0.2 m3 sphagnum peat moss, 0.2 m3

pumice rock, 4.15 kg m−3dolomite lime, 1.48 kg m−3

oystershell lime, 1.48 kg m−3 superphosphate, 0.59 kg
m−3calcium citrate, 0.22 kg m−3 potassium nitrate,
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and 0.15 kg m−3 potassium sulfate) that were later
planted into the experimental soils.

Heat treatments of old vineyard soil

Soils from both non-fumigated and methyl bromide-
fumigated areas were sieved (3-mm openings). Root
pieces retained on the screen were cut into ≤ 1-cm
pieces, and mixed back into the soil of origin. Samples
of the non-fumigated soil were subdivided into 150-
mL portions, and were placed into double envelopes
of two polyethylene bags. Ten such non-fumigated soil
portions were either not treated or were heated in a wa-
terbath (30 L-capacity) at 40, 50, 60, 70, 80 or 90 ◦C.
Increase of the soil temperature was monitored with
a laboratory thermometer which was inserted into one
of the soil samples. When the desired treatment tem-
perature was reached (after ca. 12 min), soil samples
were kept for 30 min at that temperature in the wa-
terbath. Another portion of the non-fumigated soil
was autoclaved for 45 min on two consecutive days.
Similar samples were taken from the methyl bromide-
fumigated soil. The methyl bromide-fumigated soil
was not heated.

After treating, soil samples were stored at 5 ± 2 ◦C
for ≤2 days and subsamples of the soil (n = 5) were
dilution plated on modified selective media for fluor-
escent pseudomonads (Sands and Rovira, 1970; 10
mL glycerol, 1.5 g K2HPO4anhydrous, 1.5 g MgSO4
· 7 H2O, 10 g proteose peptone No. 3, 20 g agar in
1 L water, and 45 mg novobiocin and 45 mg peni-
cillin g were diluted in methanol and added after
autoclaving when media was cooled to 45–48 ◦C).
Colonies of fluorescent pseudomonads were counted
under long wave-length UV light after 48–72 h in-
cubation at room temperature. At the same time, the
bulk of the samples were placed into 120-mL poly-
ethylene cones (3.8 cm in diameter, 20.6 cm deep,
Stuewe and Sons Inc., Corvallis, OR). Each cone
was planted with a freshly rooted hardwood cutting
of grape, and treated soil was covered with a 5-cm
layer of potting-mix as a barrier to reduce splashing
during watering. Treatments were arranged in a ran-
domized complete block design with 10 replications.
The first test was placed onto propagation-mats (Pro-
Grow Supply Company, Brookfield, WI) to reduce
temperature variation in a heated greenhouse (average:
23 ◦C, range: 17–38 ◦C). The second test was placed
into a growth chamber with 16/8 h day/night cycle at
24/18 ◦C and incandescent light (530 µmol). During
the growing period plants were fertilized weekly with

10 to 20 mL nutrient solution (Miracle Gro, 2.64 g
L−1 of water; 150 g kg−1 N, 130 g kg−1 P, 120 g kg−1

K, and micronutrients, Scotts Miracle Gro Products,
Port Washington, NY). After three months, the newly
grown grape shoots were cut off and weighed, and the
root systems were carefully removed from the cones
and carefully rinsed under running tap water. The root
systems were visually inspected for replant problem
symptoms, and root-knot nematode eggmasses were
counted on the entire root systems after staining in
erioglaucine solution (133 mg L−1, Sigma St. Louis,
MO) (Omwega et al., 1988). For each root system, five
adventitious roots were chosen at random, numbers
of fine roots per 5-cm root length (5–10 cm depth)
were determined, and the physiological status of the
fine roots was classified as healthy (yellow-brown) or
diseased (dark-black and necrotic). Single nematode
females were picked from the roots and identified to
species utilizing the phastgel procedure (Esbenshade
and Triantaphyllou, 1985). Twenty random 1-cm root
pieces of each of three random replicates were ex-
cised from the root system (5-cm depth), dipped into
ethanol solution (700 g L−1 ethanol in water) for 30
s and imbedded into modified PARP media (Browne
and Viveros, 1999), which is semi-selective for oomy-
cetes. Emerging Pythium colonies were counted and
expressed as percent of root pieces with infection.

Transfer test via old roots from grape replant vineyard

Soils from the non-fumigated and methyl bromide-
fumigated plots near Parlier, CA were also used for
a root transfer study. In this test, root pieces were
only mixed back into the following treatments: field-
fumigated vineyard soil, non-treated vineyard soil,
potting mix, and originally non-treated vineyard soil
that had been fumigated in small containers (400 kg
ha−1) (Becker et al., 1998). Additional non-amended
treatments served as controls (Table 2). Soils were
then placed into 500-mL polyethylene pots and ar-
ranged in a randomized complete block design with
eight replications in the greenhouse using conditions
similar to those of the first greenhouse test. The sum
of weights from prunings above the second basal bud
during the season (4 and 8 weeks after planting), and
the shoots at harvest (16 weeks after planting) were re-
ported as accumulated shoot dry weight. The prunings
were done to reinvigorate growth. Plants were fertil-
ized weekly with 40 mL of a nutrient solution (Miracle
Gro, 2.64 g L−1 of water). At harvest, roots were
washed free of soil, weighed, and feeder root health
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for ten randomly chosen 5-cm root sections from be-
low potting soil cover was determined as described for
the first test. The root systems were also inspected for
possible nematode symptoms. Ten randomly chosen
1-cm root sections were plated on PARP for the isola-
tion of oomycetes as described for the heat treatment
experiments.

Data analysis

Data were analyzed utilizing GLM (SAS Institute,
Cary, NC) followed by Waller-Duncan mean separa-
tion at P = 0.05. For the heat treatment experiments,
the interaction experiment × replication was found
non-significant and the two tests were calculated com-
bined. There were significant interactions of treatment
× experiment among the heat treatment experiments.
However, the statistical groupings within each ex-
periment calculated separately did not differ in their
biological implications.

Results

Heat treatments of old vineyard soil

Heat treatments reduced fluorescent pseudomonad
populations at temperatures ≥ 50 ◦C. The non-treated
and the 40 ◦C treatments had lower accumulated shoot
dry weights than any other treatment (Table 1). The
root fresh weights were higher in the non-treated,
field-fumigated, 40 and 50 ◦C treatments than in the
90 ◦C and the autoclaved treatment. The number of
rootlets cm−1 root was the lowest in the 40 ◦C and the
non-treated control, and somewhat elevated in the 50
◦C treatment. But the percentage of diseased fine roots
of the total number of fine roots was the greatest in the
non-treated and 40 ◦C treatments, and was elevated in
the 50 ◦C treatment in comparison to heat treatments
≥ 60 ◦C (Table 1). The largest numbers of egg masses
of Meloidogyne spp. were in the 40 ◦C and non-treated
control. Meloidogyne javanica (Treub) Chitwood was
identified utilizing the phast gel technique. A second
root knot nematode was found but not identified. Py-
thium spp. were present on roots from the non-treated,
40 and 50 ◦C treatments and almost absent in the other
treatments.

Transfer test via old roots from replant problem
vineyard

Cuttings grown in the non-treated old vineyard soil
(soil and roots) had lower accumulated shoot dry

weights than the other treatments with exception of
the old vineyard soil from which root pieces were re-
moved (Table 2). Root fresh weights were similar in
all field soils and were higher in potting-mix treat-
ments than in the field soils. The number of rootlets
cm−1 root was smaller in the replant problem soil
than in any other treatments and was higher in the
potting-mix treatments than the field soils. The ratio
of diseased to healthy rootlets cm−1 root was larger
in the replant problem soil than in other treatments.
Incidence of Pythium spp. on assay roots was higher
in replant problem soil with or without old roots and in
field-fumigated soil amended with roots derived from
replant problem soil than in the other treatments. No
Meloidogyne spp. was detected.

Discussion

Symptoms resembling those described for fruit replant
problems (Mai and Abawi, 1981) were observed in
small pots when grape cuttings were planted into old
vineyard soil. Fine roots of diseased plants were fewer
in number and were discolored and/or necrotic in con-
trast to roots in fumigated or heat-treated soil. The
elimination of lateral root necrosis at low temperatures
suggested the involvement of soil microbial groups
in the development of the disease symptoms and was
not consistent with the involvement of autotoxic com-
pounds as suggested for the grape replant problems in
New York state (Brinker and Creasy, 1988).

Higher incidence of recovery of Pythium spp. from
roots was observed when old root pieces from replant
problem soil were transferred into the test soil, but this
increased incidence in recovery did not always result
in feeder root necrosis. Different species of Pythium
were considered important components of the com-
plexes causing replant problems in apple or peach.
In Washington State, P. sylvaticum Campbell and
Hendrix and P. ultimum Trow were isolated from re-
plant problem soil-grown apple roots (Mazzola, 1999).
Pythium irregulare Buisman was frequently found on
apple roots grown in replant soil in State New York
(Jaffee et al., 1982b). In Australia, one unidentified
species of Pythium was isolated most frequently from
apple roots (Dullahide et al., 1994). Pythium ultimum
was found associated with the peach replant problem
in California (Hine, 1961). Oomycetes were import-
ant in root rot and decline of grape in California
(Bayramian et al., 1998; Chiarappa, 1959) and South
Africa (Marais, 1979, 1980) but when indicated in re-
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Table 1. Effect of pre-plant fumigation or various heat treatments on certain microorganisms and the growth of grape hardwood cuttings
(Vitis vinefera cv. Carrignane) in soil collected from a vineyard replant sitea

Treatment Fluorescent Accumulated Root Number of Incidence of RKN egg Pythium (%)g

Pseudomonadsb shoot dry fresh rootlets per diseased fine roots masses per root

(cfu g 10−5) weightc (g) weightc cmcd (%)ce systemf

Non-treatedh 6.8 b 3.1 d 7.8 a 1.78 d 41.9 a 85.9 a 55 a

Field-fumigatedi 12.7 a 3.6 ab 7.5 ab 2.33 bc 0.4 b 1.5 b 0 b

40 ◦Ch 6.3 b 3.1 cd 7.5 ab 1.80 d 41.9 a 91.5 a 53 a

50 ◦Ch 0.6 c 3.8 a 7.8 a 2.10 cd 8.5 b 5.3 b 45 a

60 ◦Ch 0.1 c 3.5 b 6.6 bc 2.59 ab 0.6 c 0.0 b 0 b

70 ◦Ch 0.0 c 3.6 ab 6.9 abc 2.84 a 0.3 c 0.0 b 0 b

80 ◦Ch 0.0 c 3.5 b 6.8 abc 2.42 bc 0.8 c 0.0 b 0 b

90 ◦Ch 0.0 c 3.5 b 6.2 c 2.49 ab 0.6 c 0.0 b 0 b

Autoclavedh 0.0 c 3.4 bc 6.1 c 2.44 bc 0.2 c 0.0 b 1 b

MSD for P = 0.05 1.1 0.3 1.2 0.36 6.4 19.6 20

P for treatment F 0.0001 0.0001 0.0035 0.0001 0.0001 0.0001 0.0001

aData of one greenhouse and one growth chamber experiment which each had 10 replications were combined. Water bath heat treatments
were applied for 30 min. Treatments followed by the same letter within a column were not significantly different when tested with Waller at
P = 0.05. The minimum significant difference (MSD) is given for this comparison.
b Following heat treatments, soil samples were dilution plated on NPC media and fluorescent colony forming units (cfu) of Pseudomonads
were counted under long wave-length UV light after 48–72 h, n = 5 per each of two experiments.
c n = 10 per each of two experiments.
d Total number of fine roots on five randomly chosen 5-cm adventitious roots per root system.
e Percentage of fine roots that were either dark-black or necrotic of the total number of fine roots.
f n = 5 per each of two experiments.
g Percentage of 20 random root pieces that yielded Pythium spp. when plated on PARP media, n = 3 per each of two experiments.
h Non-treated soil from 65-year old vineyard 4 months after removal of a planting of Thompson seedless grape, either non-treated, heated at
the temperature indicated for 30 min or autoclaved twice (45 min each, with 24 h between heatings, 121 ◦C).
i Soil from the same vineyard but fumigated with methyl bromide in the field (450 kg ha−1).

plant problems occurred together with other soil-borne
pathogens (Dullahide et al., 1994; Hine, 1961; Jaffee
et al., 1982b; Mazzola, 1999). Other components of
the soil-borne complex were possibly not transferred
with the old vineyard roots, but would have been
instrumental for replant problem to occur.

Root-knot nematodes, which were found in the
heat treatment experiments after ≤50 ◦C, have been
observed associated with California grape produc-
tion, particularly in coarse-textured soils (Ferris and
McKenry, 1975). Major efforts in resistance breeding
towards Meloidogyne incognita are underway(Walker
et al., 1994). Meloidogyne incognita had been con-
sidered as one problem in establishing new grape
plantings in old vineyard sites and its presence was
the reason for utilizing 1,3-D and methyl bromide
treatments for improving such plantings (Raski et al.,
1973). However, in this investigation Meloidogyne
spp. were not consistently associated with lateral root
necrosis; symptoms occurred whether or not root-knot
nematodes were detected.

Heat treatments of ≥ 50 ◦C improved health of the
fine roots. Selectivity of heat treatments at 40 and 50
◦C ranges was demonstrated by quantifying the colony
forming units of fluorescent pseudomonads. The im-
provement of root health occurred with considerably
less heat than necessary to reduce replant problem
of apple or other replant problems (60 ◦C for 1 h,
Otto, 1972b). Selective heat kill of microorganisms
has been used in surveys, soil pasteurization at 70 ◦C
for 1 h was used to survey fields for the presence of
replant problems (Utkhede and Thomas, 1988). The
difference in treatment time might have been due to
the fact that we measured the time of actual treatment
temperature reached within the soil for duration, while
Otto (1972b) only measured the exposure time to the
temperature. In addition, different organisms may be
involved in the replant problem of apple compared to
the grape replant problem.

Utilization of old grape roots collected from the
bulk soil simulated the field situation of complete de-
struction of the old vine crop and replanting into soil
containing residual roots. Amendment of non-replant
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Table 2. Growth of grape hardwood cuttings (Vitis sp.) in soil collected from an old vineyard replant site after different fumigation treatments
and root transfers from non-treated and pre-plant fumigated soila

Soil Root Accumulated Root Number of fine Incidence of Pythium (%)g

treatmentb treatmentc shoot dry weightd (g) fresh weightd (g) roots per cmde diseased rootlets (%)df

RPP + 6.7 d 18.3 c 1.84 d 20.9 b 95 a

RPP - 7.8 cd 18.2 c 1.80 d 26.2 a 79 a

Ffum + 10.0 ab 19.6 c 2.64 c 1.0 c 17 b

Ffum - 9.0 bc 17.6 c 2.72 c 0.6 c 25 b

Bfum + 9.2 b 19.4 c 2.43 c 1.3 c 0 b

Bfum - 9.2 b 17.4 c 2.47 c 0.1 c 5 b

Ffum +from RPP 10.0 ab 17.5 c 2.30 c 4.1 c 80 a

Pot-mix +from RPP 10.1 ab 23.0 b 3.74 ab 1.7 c 33 b

Pot-mix - 10.1 ab 23.8 ab 3.81 a 1.5 c 0 b

Pot-mix +from Ffum 10.6 a 25.4 a 3.38 b 1.2 c 3 b

MSD for P = 0.05 1.2 2.4 0.42 4.1 37

P for treatment F 0.0001 0.0001 0.0001 0.0001 0.0001

a Data of one greenhouse experiment, treatments followed by the same letter within a column were not significantly different when tested with
Waller at P = 0.05. The minimum significant difference (MSD) is given for this comparison.
b Soil was either non-treated vineyard soil (RPP); methyl bromide-fumigated vineyard soil (450 kg ha−1) (Ffum); methyl bromide-fumigated
in a small container (390 kg ha−1) (Bfum) or Pot-mix (40% sand, 20% compost, 20% peat moss, 20% pumice rock and plant nutrients).
c Roots were derived from RPP or Ffum soil and were mixed into the receiving soil at the rate they had been recovered from the source soil,
+: roots amended; -: roots not amended.
d n = 8.
e Fine roots counted on 10 randomly chosen 5-cm adeventitious roots per root system.
f Percentage of fine roots that were either dark-black or necrotic of the total number of fine roots.
g Percentage of 10 random root pieces that yielded Pythium spp. when plated on PARP media, n = 4.

problem soil with roots from replant problem soil has
several difficulties because the distinction between the
transfer of toxic break-down products and microbial
communities is difficult (Otto, 1972a). In our test,
removal of roots from replant problem soil did not
result in increased numbers of rootlets and more of
the assay rootlets were diseased. In apple replant prob-
lem, the transfer of live root systems was implemented
and transfer of replant problem was observed (Otto,
1972a). We did not make this observation, but data
suggest that old grape roots in the development of re-
plant problem symptoms were less important in this
soil. In particular, the number of fine roots and fine
root health did not decrease when old grape roots were
added to non-replant soil.

The possibility to study grape replant problem in
small containers will be critical to studying larger
numbers of soil treatments under contained and con-
trolled conditions. Small container tests have been
successfully used in advisory systems for the manage-
ment of the replant problem of apple. In these systems,
orchard soils are collected and tested in the greenhouse
for replant problem and different soil amendments
are tested for their potential to reduce the problem
(Neilsen et al., 1991; Slykuis, 1990). Tests in small

containers have a potential benefit in mitigating losses
due to grape replant problem by developing an advis-
ory system for grape replant problem management. In
addition, such test should be useful for studies of the
etiology of this complex soil-borne problem.
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